Helicobacter pylori is a motile Gram-negative bacterium that colonizes and persists in the human gastric mucosa. The flagellum gene regulatory circuitry of H. pylori is unique in many aspects compared with the Salmonella/Escherichia coli paradigms, and some regulatory checkpoints remain unclear. FliK controls the hook length during flagellar assembly. Microarray analysis of a fliK-null mutant revealed increased transcription of genes under the control of the s 54 sigma factor
INTRODUCTION
Helicobacter pylori infection is responsible for gastrointestinal disorders such as peptic and duodenal ulcers (Veldhuyzen van Zanten & Sherman, 1994) , and is a predisposing factor for gastric adenocarcinoma (EUROGAST, 1993) and B-cell MALT lymphoma (Parsonnet et al., 1994) . Epidemiological studies show large disparities in H. pylori infection rates between geographical regions (Kikuchi & Dore, 2005) . Developing countries are the most severely infected by H. pylori, due to poor living conditions and limited access to therapies (Frenck & Clemens, 2003) . The continuing emergence of new antibiotic-resistant strains underlines the urgent need to expand our understanding of the biology of H. pylori, in order to facilitate the development of new treatments.
Motility is a key feature of H. pylori and is required for colonization and persistence (Eaton et al., 1991 (Eaton et al., , 1992 (Eaton et al., , 1996 . In motile bacteria, flagella contribute to motility, adhesion and inflammatory response by the host cells (Eaton et al., 1992; Galkin et al., 2008) . Three RNA polymerase sigma factors, s
80
, s 54 and s 28 , control the transcription of H. pylori flagellar genes (Niehus et al., 2004; Scarlato et al., 2001) . s 80 modulates the transcription of the early flagellar genes (class I). Middle flagellar structural genes (class II) are under the control of RpoN (s 54 ). RpoN transcriptional activity is tightly regulated by the FlgR/FlgS activation system and HP0958, an RpoN chaperone (Brahmachary et al., 2004; Pereira & Hoover, 2005; Ryan et al., 2005a) . The class II regulon includes HP0906/fliK, which encodes the hook-length-control protein. Transcription of class III genes (late flagellar genes) is controlled by FliA (s 28 ) and its anti-sigma factor FlgM (Colland et al., 2001; Josenhans et al., 2002 ).
The initial annotations of H. pylori genome sequences did not identify all flagellar genes expected by comparison with the Salmonella/Escherichia coli paradigm Tomb et al., 1997) . Thus, the anti-sigma 28 factor FlgM was only identified subsequently, by rigorously searching for low-level conservation (Colland et al., 2001; Josenhans et al., 2002) . Similarly, the hook-length protein FliK has only been recently identified based on bioinformatic analyses (Ryan et al., 2005b) . The HP0906 gene product has been shown to be FliK in H. pylori (Ryan et al., 2005b) . FliK in Salmonella controls hook length (Ferris & Minamino, 2006) . Ablation of the H. pylori fliK gene impairs motility, and similar to a fliK-null mutant in Salmonella, the cells harbour polyhook structures (Ryan et al., 2005b) . A dramatic reduction in flagellin production and overproduction of the FlgE hook protein are also observed, and flgE and flaB transcription levels are significantly increased in the fliK mutant (Ryan et al., 2005b) . These genes have been shown to be under the control of RpoN, the s 54 sigma factor of H. pylori (Beier & Frank, 2000; Brahmachary et al., 2004; Niehus et al., 2004; Scarlato et al., 2001) . Three genes belonging to the intermediate gene class do not show altered transcription levels according to targeted quantitative real-time PCR (qRT-PCR) analysis (Ryan et al., 2005b) . We thus suggested that the FliK protein is required to turn off the RpoN regulon during flagellar assembly. However, the transcriptional profile of the whole flagellar regulon was not investigated, leaving the extent of FliK feedback on flagellar gene expression unclear.
In the present study, we used a pan-H. pylori array, based on the genomes of strains NCTC26695 and J99. Array comparative genomic hybridization (CGH) was performed to identify specific chromosomal regions that were missing in CCUG17874, the motile strain used in our laboratory for flagellum genetics. Global transcript analysis of a CCUG17874 mutant lacking the fliK gene was performed to further investigate the role of FliK in flagellar biogenesis in H. pylori. We integrated these microarray data into the currently known flagellar regulatory model.
METHODS
Bacterial strains, media and growth conditions. H. pylori type strain CCUG 17874 (Culture Collection, University of Gothenburg, Sweden) was cultured as previously described (Ryan et al., 2005b) . H. pylori mutants defective in the fliK gene (Ryan et al., 2005a, b) and flgE gene (O'Toole et al., 1994) have been previously described. The mutants used in this study were cultured on Columbia agar base (CBA) plates containing the appropriate antibiotic: 10 mg chloramphenicol ml 21 (Sigma) or 15 mg kanamycin ml 21 (Sigma).
Extraction of genomic DNA from H. pylori. Genomic DNA from 2 day-old H. pylori plate cultures was isolated using the DNeasy tissue kit (Qiagen). The genomic DNA was then quantified using a Nanodrop ND-1000 spectrophotometer.
RNA isolation from H. pylori. Total RNA was isolated from 20 h H. pylori liquid cultures using the Qiagen RNeasy Mini kit. H. pylori cells were harvested and centrifuged for 15 s at ¢10 000 g. Cell pellets were then resuspended in 750 ml Bacteria RNA Protect reagent (Qiagen). The remainder of the protocol was performed as per the manufacturer's instructions (RNeasy Mini kit; Qiagen). RNA quality was assessed using a Bioanalyser 2100 Instrument (Agilent Technologies) and quantified by NanoDrop ND-1000 spectrophotometer. Prior to further array experiments, total RNA samples were DNase-treated using a Turbo DNA-free kit (Ambion).
H. pylori microarray design and construction. Design and construction of the H. pylori microarray (BmG@S HPv1.0.0; Bacterial Microarray Group at St George's, University of London) was completed using the approaches described by Hinds et al. (2002a, b) . In brief, PCR products were designed to represent all 1576 ORFs in H. pylori NCTC26695 and all 1495 ORFs in H. pylori J99 Tomb et al., 1997) . The microarrays were constructed by robotic spotting of PCR products in duplicate on UltraGaps aminosilane-coated glass slides (Corning) using a MicroGrid II automated microarrayer (BioRobotics) and post-print-processed according to the slide manufacturer's instructions.
CGH. Because of its history of genetic analysis and its motility, H. pylori strain CCUG17874 (equivalent to the type strain NCTC11637) was used to study global transcription patterns of different flagellar mutants. The genome of this strain has not been sequenced. The macrodiversity of CCUG17874 was therefore investigated using CGH. Nucleic acid labelling was undertaken using a modified protocol described by Hinds et al. (2002a) . Briefly, 5 mg wild-type CCUG17874 genomic DNA was labelled with dCTP Cy3. A 41.5 ml mixture containing 5 mg genomic DNA and 3 mg random primers (Promega) was heated at 95 uC for 5 min, snap-cooled and quickly centrifuged at 10 000 g. A 5 ml volume of 106 REact2 buffer (Invitrogen), 1 ml dNTP (5 mM dDTP, 2 mM dCTP), 1 ml DNA polymerase I large Klenow fragment (Invitrogen) and 1.5 ml Cy3 dCTP Fluorolink (GE Healthcare) was then added. Similarly, wild-type NCTC26695 genomic DNA was labelled with dCTP Cy5. The mixture was incubated at 37 uC for 90 min in the dark. Subsequent steps, including purification of labelled cDNA, hybridization, washing and scanning, were performed as described below. Array hybridizations for the wild-type and for the mutant were performed in duplicate. Following quantile normalization (Bolstad et al., 2003) , a dynamic cut-off-based analysis was performed as described in Kim et al. (2002) . The output files give three lists: divergent genes, uncertain genes and present genes.
Confirmatory analysis of selected CGH data by PCR. PCRs were performed under standard conditions to confirm selected results obtained by CGH. Seven genes were selected from the CGH data. Primer pair sequences were designed using the Primer3 online software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and are listed in Supplementary Table S1 .
Type II microarray analysis. To compare the transcriptional profiles of the wild-type and HP0906 mutant strains, the H. pylori whole genome microarray was used in a common reference or type II experimental design whereby Cy5-labelled cDNA from each strain was co-hybridized to an array with a Cy3-labelled genomic DNA reference. Nucleic acid labelling and microarray hybridizations were undertaken according to BmG@S standard protocols (Hinds et al., 2002a) . In brief, for the common reference, 5 mg wild-type CCUG17874 genomic DNA was labelled with dCTP Cy3 using random primers (Promega) and DNA polymerase I large Klenow fragment (Invitrogen). Cy5-labelled cDNA was generated from 4 mg total RNA during first-stand synthesis using random primers (Promega) and Superscript II reverse transcriptase (Invitrogen). The Cy3-and Cy5-labelled nucleic acid mixtures were then co-purified using the MinElute PCR Purification kit (Qiagen), mixed in a hybridization solution of 46 SSC and 0.3 % SDS, and hybridized under a LifterSlip (Erie Scientific) for 18 h at 65 uC. Microarray slides were washed once in 16 SSC, 0.06 % SDS at 65 uC for 2 min and twice in 0.066 SSC for 2 min, dried by centrifugation, and scanned using a dual-laser Affymetrix 428 scanner. The images and data were analysed using the GeneDirector software package, which includes ImaGene and GeneSight v2.0 (Biodiscovery). Genes designated as missing or uncertain in CCUG17874 were filtered out. Array hybridizations for the wild-type and for the mutant were performed in triplicate. Ratios for wild-type DNA versus wild-type RNA and wild-type DNA versus mutant RNA were exported to Excel (Microsoft). Following the within-slide normalization in GeneSight, the genes containing empty values were discarded. Quantile normalization was then performed to make the entire distribution of the values identical between each array slide (Bolstad et al., 2003) .
The triplicates for the wild-type and for the mutant were averaged and final ratios (log 2 ) were calculated. One-way ANOVA was used to calculate statistical confidences. Genes with a P value less than 0.05 and a fold-change greater than 2.00 were designated differentially expressed in the mutant.
Quantitative analysis of transcription by real-time PCR. qRT-PCR was performed as a confirmatory test on four flagellar genes following global transcript analysis by microarray. Real-time PCR primers were designed using the Primer3 software package (Rozen & Skaletsky, 2000) and are listed in Supplementary Table S1 . RNA (500 ng) was reverse-transcribed using Improm-II reverse trancriptase (Promega) and 500 ng random hexamers, as described in the manufacturer's manual. qRT-PCR was performed on flagellar genes using primers listed in Supplementary Table S1 . The reaction mixture was prepared as described in the manufacturer's protocol. Briefly, the amplification by qRT-PCR was performed in a final volume of 12.5 ml including 1 ml cDNA, 50 nM of each primer, 6.25 ml 26 Master Mix (Biogen) and 1 : 60 000 Sybr Green I (Bio/Gene). qRT-PCRs were run and monitored using an ABI 7000 Thermo cycler and ABI Prism 7000 SDS software (both from Applied Biosystems). Reactions were performed in triplicate (technical replicates) from at least two independent RNA preparations (biological replicates). Relative foldchanges of expression were calculated as described by Pfaffl (2001) .
The era gene was used as a housekeeping gene (Sebert et al., 2002) . Each transcript abundance was therefore calculated relative to the era gene transcript abundance.
Reverse transcription and amplification of intergenic regions by PCR. RNA (500 ng) was reverse-transcribed using Improm-II reverse trancriptase (Promega) and 500 ng random hexamers, as described in the manufacturer's manual. Primer pairs were designed to amplify the intergenic region between hp0114 and hp0115 and an internal region of the hp0115 gene (Supplementary Table S1 ). Next, the two regions were amplified by PCR using cDNA preparations.
Bioinformatics analysis. Predictions of stress-induced DNA duplex destabilization were performed using the SIDD online server developed by the C. Benham laboratory (Bi & Benham, 2004) . Predictions of transcriptional terminators were performed using TransTermHP (Kingsford et al., 2007) .
RESULTS

CGH of H. pylori strain CCUG17874
We and others have performed genetic and microbiological analysis of H. pylori motility in strain CCUG17874, whose genome has not been sequenced. To investigate its genome content, we used an H. pylori DNA array representing all the ORFs from strains NCTC26695 and J99. To analyse the level of genetic conservation between CCUG17874 and the sequenced strains, and to improve the subsequent type II array experiment analyses, CGH was performed. Based on the trinary output analysis method described by Kim et al. (2002) , genes were classified into three groups: absent (highly divergent), uncertain and absolutely present. The genes designated uncertain have values that are in the transition region, where they cannot be confidently assigned to one or the other group. The uncertain group consisted of 130 genes. Seven genes annotated as highly divergent, uncertain or absolutely present were analysed by PCR using genomic DNA from CCUG17874 (test strain) and NCTC26695 (reference strain) (Fig. 1) .
The PCR data confirmed the CGH results, with one exception. The HP1192 gene was shown to be present in CCUG17874 using a PCR approach, whereas CGH data indicated its absence (data not shown). Sequence divergence is correlated with hybridization values (Kim et al., 2002) . It has been reported that the Cy5 : Cy3 ratio decreases twofold if the corresponding gene has 85 % identity with the gene used for the array design (van Hijum et al., 2008) . Thus, some of the divergent genes in CCUG17874 may be present but their sequences may be poorly conserved compared with the sequenced reference strain. The confirmatory PCRs provided empirical data to allow rational adjustment of the cut-off value for spot intensity in the array data, and thus to narrow the breakpoint between genes classified as present and divergent (Fig. 1) . The uncertain gene list was thus reduced from 130 to seven genes following the PCR screening. Out of the seven, five genes encode hypothetical proteins. The two remaining genes encode transketolase and geranyltranstransferase. We classified these genes as divergent for the data analysis of further type II array experiments. flgI, encoding the flagellar basal-body P-ring protein, is an essential structural component of the flagellar superstructure. CGH data indicated that flgI was absent from the genome of strain CCUG17874. However, the standard deviation of hybridization values for this gene was very high, suggesting that the CGH output value for this gene was not reliable. PCR investigation confirmed the presence of flgI, which is consistent with the motile phenotype of the CCUG17874 strain used in this study (Fig. 1) . Table 1 lists genes present in NCTC26695 and J99 but missing in CCUG17874. Significantly, 14.25 % of H. pylori NCTC26695 genes were absent in the CCUG17874 genome. Most of the missing genes encode hypothetical proteins and appear to be strain-and H. pylori-specific (Table 1) . Some genes that encode restriction enzymes, outer-membrane proteins, insertion elements (possibly in Fig. 1 . Confirmatory PCR for CGH analysis. Seven genes were amplified using the genomic DNA of CCUG17874 and NCTC26695. omp27 and flgI were assigned as divergent. groES, flaG and omp13 were classified as uncertain. cheA and omp22 were classified as present.
reduced copy number in the CCUG17874 genome), virulence-associated proteins and transposases (possibly in reduced copy number in the CCUG17874 genome) were also absent. Transposable elements are often present in multiple copies in the H. pylori genome (Logan & Berg, 1996; Tomb et al., 1997) and may be associated with disruption of operons and large regions in the CCUG17874 genome.
Consideration of the location of genes identified as missing by the CGH analysis revealed that five large regions have been disrupted in the genome of CCUG 17874 relative to the NCTC26695 genome (Fig. 2 ). These regions consist of genes encoding hypothetical proteins and/or mobile and extrachromosomal elements, such as transposases and recombinases. These genes designated as divergent in CCUG17874 were filtered out in further type II array experiments using that H. pylori strain.
Transcription analysis of the fliK mutant
A previous transcriptional analysis showed that FliK is under the control of the s 54 sigma factor (Niehus et al., Table 2 . Seven genes encoding ribosomal proteins were significantly upregulated in the FliK mutant. The microarray data also showed upregulation of stress-related proteins, such as ferredoxin and thioredoxin, in the FliK mutant. HP0923, encoding an outer-membrane protein (Omp22) that is highly immunoreactive (Kim et al., 2000) , was downregulated. Three RpoN-dependent genes, flaB, flgE and HP1076, were upregulated ( Table 2 ).
Because of its likely role in the flagellar regulon, we carefully examined expression fold-changes of the flagellar genes in the HP0906 mutant (Table 3) . Only one class I gene (fliP/HP0684) was significantly downregulated. The genes for RpoN, the regulator FlhA, FlgR (HP0703) and FlgS (HP0244) were transcribed at wild-type levels in the fliK mutant. All class III genes were also transcribed at wild-type levels. The FliA sigma factor and its anti-sigma factor FlgM were not significantly differentially expressed. Only one gene in the intermediate class was significantly upregulated, hp0367. The response regulator ompR was upregulated 1.9-fold and this upregulation was confirmed by qRT-PCR, which indicated a fold upregulation of 2.25±0.54-fold. fliK mutation affected the transcription of almost all class II genes in the flagellar regulon (Table 3) , with only three exceptions.
HP0114, part of the RpoN regulon and located downstream of flaB/HP0115, was not upregulated compared with other RpoN-dependent genes in the fliK mutant (Fig. 3, Table 3 ). HP0114 also has a different transcript profile compared with the other RpoN-dependent genes in an HP0958 mutant (Douillard et al., 2008) . We therefore performed bioinformatic analysis to identify DNA regulatory regions, such as promoters, terminations and intrinsic termination motifs (rho-independent transcription terminators) (Bi & Benham, 2004; Kingsford et al., 2007) . The algorithm developed by Bi & Benham (2004) identifies regions where the DNA duplex is destabilized, i.e. promoters and terminators. The results suggested that HP0114 and flaB are not co-transcribed (Fig. 3a) , which is consistent with our data. In addition, a transcription terminator prediction algorithm (Kingsford et al., 2007) identified a potential terminator GGGC GTTA GCCC located downstream of flaB (confidence score 88 out of 100), followed immediately by a U-rich region. Although reverse-transcription investigations showed a weak band corresponding to the intergenic region between HP0114 and flaB, it appears that these two genes are not completely co-transcribed. The weak PCR band obtained could actually correspond to low-level read-through from the flaB transcript. Table 2 . Selected genes differentially expressed in the HP0906 mutant
Only genes with fold-change ¢2.00, P ¡0.05 and known function are listed in this Table. Fold-changes and P values were calculated based on three independent biological replicates, as described in Methods. Genes discussed in this paper are shown in bold type. Table 3 . Differential expression ratios of all known flagellar genes in the HP0906 mutant relative to the wild-type
Fold-changes and P values were calculated based upon three independent biological replicates, as described in Methods. ORFs and gene annotations are based on the TIGR database (Tomb et al., 1997) . The genes were assigned to previously proposed flagellar classes (Niehus et al., 2004 Four genes, flaB/HP0115, flgE/HP0870, motB/HP0816 and rpoN/HP0714, were subsequently analysed by qRT-PCR to confirm the differential expression indicated by array data (Fig. 4) . RpoN controls transcription of flaB and flgE. motB/HP0816 is a class I gene that is expressed at wild-type levels in the HP0906 mutant. The fold-changes obtained were in good agreement with the microarray data (Fig. 4) .
RpoN-dependent gene transcription in a flgE mutant
The flgE gene of H. pylori flagellar hook protein is controlled by the RpoN sigma factor. Completion of the hook is an important morphogenetic check-point in H. pylori flagellum biogenesis (Niehus et al., 2004; O'Toole et al., 1994) . Targeted analysis of RpoN-dependent transcription was carried out by performing qRT-PCR for the rpoN and flaB genes (Fig. 4) . Mutation of flgE caused a significant increase in rpoN and flaB transcription.
DISCUSSION
In the present study, we investigated the effect of fliK mutation on RpoN activity and flagellin synthesis in H.
pylori. The FliK protein HP0906 controls hook length. In the model bacterium Salmonella enterica serovar Typhimurium, FliK is known to be involved in the switch of substrate export specificity (Minamino et al., 1999) . Previous analyses of flagellum regulatory mechanisms have catered for strain-specific effects by performing array analyses on multiple strains harbouring the same mutation (Niehus et al., 2004) . We approached this problem by first establishing the flagellar gene complement of the model strain CCUG17874, relative to two H. pylori genome sequences, by CGH. This analysis indicated that all known H. pylori flagellar genes were present in CCUG17874, consistent with the motile phenotype of that strain. This had the additional value of definitively identifying, for the first time in this commonly employed strain, the presence of several variable areas of the genome, including the plasticity zone, the cag pathogenicity island and the DNA modification/restriction genes. These loci have DNA with a low mol% G+C content and are known to be unstable (Alm & Trust, 1999) . Most of the divergent genes in CCUG17874 were located in regions with low mol% G+C content and had no attributed function. Some low mol% G+C-content regions in the NCTC26695 and J99 genomes have also been found in self-replicating plasmids, high- DThe values for these genes were missing in the microarray analysis and were then investigated by qRT-PCR. lighting that the diversity between strains is also the result of plasmid integration and horizontal transfer . The majority of genes identified as divergent in CCUG17874 relative to the NCTC26695 and J99 reference genomes encode DNA restriction/modification enzymes. Interestingly, CCUG17874 also lacked some genes encoding proteins associated with the cell envelope and pathogenesis that are likely to be involved in interaction with the host cells. It is noteworthy that the CCUG17874 genome may also contain additional genes that are strainspecific.
Global transcript analysis of the fliK mutant indicated that insertional inactivation of this gene increased the expression of most RpoN-dependent genes, and it did not directly modulate any other key regulators of the flagellar regulon at a transcriptional level. The class I genes encoding RpoN and the FlgR/FlgS system were transcribed at wild-type levels in the HP0906 mutant. The most affected genes in the RpoN regulon were two essential structural genes, HP0870/flgE (flagellar hook) and HP0115/ flaB (minor flagellin), and also HP1076, encoding a hypothetical protein. Confirmation of the inclusion of HP1076 in the H. pylori RpoN regulon highlights the motivation for functional investigation of the role of this gene in motility.
HP0114 is an essential gene for motility (Schirm et al., 2003) . It was initially assigned to class II (RpoN-dependent genes) (Niehus et al., 2004) . Our array analysis suggested that HP0114 and flaB are not co-transcribed. Using an algorithm to predict stress-induced DNA duplex destabilization, we identified a potential regulatory region located downstream of the flaB gene, further supporting the suggestion that the two genes are not in fact co-transcribed. Transcription termination predictions also identified a potential intrinsic terminator downstream of flaB. We concluded that HP0114 is required in the flagellar regulon, but that it is not in class II (RpoN-dependent genes), as suggested in an earlier study (Niehus et al., 2004) , and is more likely to be in the intermediate class.
The upregulation of the RpoN-dependent genes in the fliK mutant suggests a transcriptional activation mechanism for RpoN-dependent genes which is possibly triggered by the FlgS/FlgR system in response to the completion of the MS ring and/or export apparatus. Presumably, this activation is normally transient in wild-type cells. After completion of the hook and progression from RpoN-dependent to FliAdependent transcription, a downregulation or termination mechanism should also exist to terminate the activation of the RpoN regulon. The lack of such a mechanism in the fliK mutant apparently results in a sustained upregulation of the RpoN-dependent genes [exemplified phenotypically by the polyhook structure in a fliK mutant (Ryan et al., 2005b) ]. We hypothesize that the signal inducing the FlgR/ FlgS activation system stops upon completion of the rod and the hook. In a wild-type cell, expression of the RpoNdependent genes, including the hook component, is thus prevented from occurring at a later stage of the flagellar assembly.
The coupling between hook assembly completion and turning off RpoN-dependent gene transcription is mecha- nistically unclear. It is unlikely that the turn-off of the RpoN regulon is controlled by a FliA-dependent gene. In a Campylobacter jejuni fliA mutant, a poly-hook phenotype has not been reported, in contrast to that previously observed in FliK mutants (Jagannathan et al., 2001) . In theory, the FliK protein could be directly responsible for switching. In S. enterica, the FliK protein is secreted during hook polymerization (Minamino et al., 1999) . We tentatively suggest that the accumulation of FliK upon completion of the hook affects RpoN transcription activity by interacting directly or indirectly with the FlgR/FlgS system or the RpoN sigma factor. This is indicated in the model in Fig. 5 , which builds on our previous work (Douillard et al., 2008) . However, no protein-protein interactions between FlgR or FlgS and FliK have so far been identified . This suggests that the signal controlling the transcription of the class II genes does not directly involve FliK itself, but more likely another component of the flagellar apparatus, such as the flagellar protein FlhB (not shown in the model). This protein controls the switch of substrate specificity export from rod-hook-basal body class genes to filament genes in S. enterica serovar Typhimurium (Williams et al., 1996) . The fragment FlhB C resulting from the autocatalytic cleavage of FlhB shares similarities with a novel flagellar protein, FlhX (Wand et al., 2006) , which may also be implicated. Upon completion of the hook, the RpoN regulon would be turned off by a FliK-dependent mechanism, illustrated by dotted lines in Fig. 5 . However, the mechanisms for this proposed onwards relay of a FliK-FlhB-transmitted signal to RpoN are not clear. The elevation of RpoN-dependent gene expression in the flgE mutant is compatible with this model, since the transition to FliA-mediated gene expression cannot occur in the absence of a completed hookbasal body.
We have recently shown that the HP0958 protein controls the translation of the flaA mRNA (Douillard et al., 2008) , as well as being an RpoN chaperone (Pereira & Hoover, 2005) . Significantly, HP0958 also binds to FliH , the inhibitor of the flagellum export ATPase FliI (Lane et al., 2006) . In the termination stages of this model (Fig. 5) , the HP0958 protein becomes detached from its association with the sigma factor RpoN. In parallel, the anti-sigma factor FlgM is secreted from the cell. Thus, the fliA-dependent genes, including flaA, are then transcribed at high levels, consistent with our previously reported repression of flaA transcription and translation in a fliK mutant (Ryan et al., 2005b) . [Curiously, however, mutation of flgE does not abolish FlaA protein production (O'Toole et al., 1994) , though it should be noted that flaA transcription was not analysed in that study.] As has been previously proposed, HP0958 acts as a post-transcriptional regulator on flagellin synthesis by targeting flaA mRNA to the export apparatus and promoting coupled FlaA translation/secretion (Douillard et al., 2008) . Experiments are in progress to test these hypotheses.
